The record low sunshine over Japan during August 2017 was mainly attributed to a blocking high and Pacific-Japan pattern. Anthropogenic warming and decaying El Niño contributed to an increase in the probability of occurrence.
INTRODUCTION.
Early August in 2017 had record poor sunshine in northern Japan with anomalously cool and rainy conditions, which damaged agriculture and the economy. There was very low sunshine for one week at several observation sites on the Pacific side of northern Japan, the longest duration in July and August since 1961 (Figs. 1a,b) . Observational analysis indicates that the prolonged cloudy days were caused by cold northeasterly winds in that region ( Fig. 1d ; see also Figs. ES1a and ES1b in the online supplemental information). These cold winds are associated with two possible factors. One is the surface Okhotsk high associated with a blocking high over East Siberia . The Okhotsk high often causes anomalously cold summers in northern Japan (Kodama 1997; Nakamura and Fukamachi 2004) . The prominent Okhotsk high in August 2017 formed in association with the propagation of a stationary Rossby wave in the middle-upper troposphere from Europe through East Siberia (Fig. ES1c) , as shown by Sato and Takahashi (2007) . The other possible factor of the cold winds is the Pacific-Japan (PJ) teleconnection pattern (Nitta 1987; Kosaka and Nakamura 2006, 2010) induced by anomalously suppressed convective activity over the Philippine Sea ( Fig. 1e ; see also Figs. ES1b, d, e) associated with a northward-propagating intraseasonal oscillation from the tropics (Figs. ES1f,g ). In advance of the event, tropical cyclones (T1705 and T1711) developed as a part of the PJ teleconnection and could have provided an initial moist condition in Japan. The PJ pattern and anomalous Okhotsk high often co-occur (Wakabayashi and Kawamura 2004; Hirota and Takahashi 2012) , and the resultant tripolar pattern of atmospheric circulation has been known to cause sunshine deficits such as that observed in August 2017 (Figs. ES1h, i) .
It has been suggested that greater anthropogenic warming in the Far East land area than the surrounding ocean intensifies the anticyclonic circulation throughout the troposphere over eastern Siberia and the Okhotsk Sea (Kimoto 2005; Arai and Kimoto 2008; Kamae et al. 2014) . The intensified anticyclone leads to strengthened easterly winds into northern Japan (Fig. ES1j) . Geopotential height at 500 hPa (Z500) and its deviation from the zonal mean (Zʹ500) have an increasing trend of 7.2 and 2.1 m decade −1 , respectively, over eastern Siberia and the sea of Okhotsk (orange box in Fig. 1e ) in July-August for 1961-2017 (Fig. ES1j) . Sunshine duration has significantly decreased with a trend of −0.19 h month −1 decade −1 (Fig. 1b) . Therefore, we can expect that anthropogenic warming has influenced the likelihood of the unusual blocking and Okhotsk high, which led to the 2017 extreme event.
Apart from the human influence, seasonal weather in Japan is strongly influenced by atmospheric variability forced by sea surface temperature (SST) variation in the tropics such as El Niño-Southern Oscillation (ENSO; Fig. ES1k ). Although La Niña was gradually developing in August 2017, the Niño-3.4 SST anomaly was still positive (about 0.26°C) like El Niño in July (Fig. ES2a) , which potentially contributed to the development of the PJ pattern. Thus, we examine the contributions of anthropogenic warming and ENSO on the occurrence of the extreme low sunshine event in northern Japan in early August 2017 using an atmospheric general circulation model (AGCM).
METHODS.
We have performed several sets of 100-member ensemble simulations for 2017 using the AGCM of MIROC5 (T85L40, Watanabe et al. 2010) . Each member was started from different initial conditions. ALL is the all-forcing run forced by the observed historical SST and sea ice derived from the HadISST dataset (Rayner et al. 2003) . NAT1 and NAT2 are natural forcing runs driven by detrended HadISST based on 1870-2012 linear trends (NAT1; Christidis and Stott 2014) and by removing the anthropogenic changes in SST/sea ice based on attribution experiments from phase 5 of the Coupled Model Intercomparison Project (CMIP5) (NAT2; D. Stone and P. Pall 2017, unpublished manuscript: http://portal.nersc.gov/c20c /pub/StoneDA_PallP_2017.pdf). Details of ALL, NAT1, and NAT2 are described in Shiogama et al. (2013 Shiogama et al. ( , 2014 . ALLnoENSO is the same as ALL, but the monthly SST
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DECEMBER 2018 | anomalies regressed onto Niño-3.4 SST anomaly have been subtracted (Takahashi et al. 2016 ) in order to suppress the influence of ENSO in 2017. The SSTs that drive each experiment are shown in Fig. ES2 . We have also performed a 10-member long-term ALL experiment, called ALL-LNG for 1949 , to define a threshold of the event. We used the daily JRA-55 reanalysis dataset (Kobayashi et al. 2015; Harada et al. 2016) , outgoing longwave radiation (OLR) from NOAA (Liebmann and Smith 1996) , and surface observations from the Automated Meteorological Data Acquisition System (AMeDAS) by the Japan Meteorological Agency.
Since MIROC5 does not provide sunshine duration diagnostics, we employ a surface downward solar radiation (DSW) index averaged over northern Japan (35°-45°N, 135°-145°E; green box in Figs. 1d,e) as a proxy, which is the same approach as in Christidis et al. (2016) . Observed sunshine duration is highly correlated (at 0.76) with the DSW index in July-August for 1961-2017 based on JRA-55. The extreme event with very low sunshine duration is defined as the 5-day period of 8-12 August 2017 (indicated as "P" in Fig. 1a ) centering around the minimum index day, when the DSW index fell outside the 5th percentile (Figs. 1a,c) based on the 5-day running-mean statistics for July-August of 1961-2017.
The Zʹ500 anomaly averaged over eastern Siberia and the Okhotsk Sea (orange box in Fig. 1e ) also exceeds the 95th percentile (Fig. 1c) . We assess the relative contribution of anthropogenic forcing and ENSO to the occurrence of the 2017 extreme event by estimating the fraction of attributable risk (FAR; Allen 2003), defined as 1 − (P 0 /P 1 ), where P 1 and P 0 are probabilities exceeding a given threshold in ALL and NAT1/NAT2/ALLnoENSO simulations (each 100-member ensemble), respectively, and estimated based on probability density functions (PDFs) of the mean value for the period P. The threshold in each index is defined based on PDFs of 5-day running mean anomalies estimated from the 10-member ensemble of ALL-LNG for July-August 1961-2016. The best estimate (50th percentile) and 95% confidence interval (CI) of the probabilities are estimated through the bootstrap random resampling (each 1000 samples).
RESULTS.
The observed DSW index averaged for the period P is −61.8 W m −2 (Fig. 2a) . This value corresponds to the 0.3th percentile of the 5-day running mean index in July-August for the recent 57 years. Therefore, we adopt the first percentile (−75.0 W m −2 ) as the threshold of the DSW index in ALL-LNG run. The best estimate in occurrence probability (95% CI) of the extreme DSW index that falls below the threshold is 1.3% (0.0-3.4%), 0.17% (0.0-0.51%), 0.046% (0.0-0.40%), and 0.11% (0.0-0.40%) for ALL, NAT1, NAT2, and ALLnoENSO, respectively (Fig. 2a) . The estimated FAR ANTH (anthropogenic effect) and FAR ENSO (ENSO effect) is 0.89-0.97 and 0.90, respectively. These results indicate that the anthropogenic warming contributed to increase of the chance of the 2017 extreme low sunshine by 7.7-29 times, suggesting that this event would hardly have happened without human influence. Besides, it is suggested that ENSO acted to raise the chance by about 12 times.
Ensemble-mean differences between ALL and NAT1/NAT2 can represent influence of anthropogenic forcing on the 2017 event, forced by SSTs (Figs. ES2c,d) . The changes in Zʹ500 due to anthropogenic effect show enhanced anticyclonic circulation with lower-tropospheric warming in the extratropics covering eastern Siberia and the Okhotsk Sea ( Fig. 2c and Fig. ES3a ) and anomalous cyclonic circulation in the ocean to the east of Japan, which is consistent with previous studies (e.g., Kamae et al. 2014) . These changes are similar to the ensemble-mean trends in ALL-LNG in July-August 1961-2017 (Fig. ES3b) . The composite of extreme DSW members (below the second percentile) in ALL well represents the tripolar circulation pattern as in observations, with significantly weaker amplitudes in NAT1/NAT2 (Figs. ES3c-h) .
We also evaluate likelihood of the extreme Okhotsk high related to the blocking (Zʹ diff 500), which is defined as difference of Zʹ500 anomalies between the eastern Siberia-Okhotsk sea sector (55°-70°N, 130°-170°E) and the area to its south (35°-50°N, 130°-170°E). The observed Zʹ diff 500 anomaly averaged in the period P is 112.3 m (Figs. 1a and 2b) , corresponding to 97.2th percentile of 5-day running mean in July-August for the recent 57 years. The threshold of Zʹ diff 500 is thus defined as 107.0 m, which is equivalent to the 97th percentile in ALL-LNG. The best estimate (95% CI) in occurrence probability of extreme Zʹ diff 500 exceeding this threshold is 5.5% (2.3-9.3%), 2.2% (0.89-4.3%), 1.7% (0.41-3.4%), and 3.3% (1.0-6.5%) for ALL, NAT1, NAT2, and ALLnoENSO, respectively (Fig. 2b) . The estimated FAR ANTH and FAR ENSO are 0.57-0.70 and 0.39, respectively. The results suggest that the anthropogenic warming contributed to raise the occurrence probability of the 2017 extreme Okhotsk high by 2.5-3.2 times, whereas ENSO influence was weaker (1.7 times).
The impact of ENSO in 2017 is represented by the difference of ensemble means between ALL and ALLnoENSO (Fig. 2d) , which feature a teleconnection pattern similar to that occurs in July-August for El Niño years (Fig. ES1k) . The decaying El Niño signal remained in the SST anomalies in July 2017 (Fig. ES2e) , which probably led to the intensification of PJ teleconnection and Zʹ500 diff , and acted to increase the likelihood of occurrence of extreme event. It is expected that extremely prolonged cloudy and little sunshine days over northern Japan will happen more frequently due to the Okhotsk high intensified by human-induced warming in the future, although the results are based on a single model. Further investigation with other models is required.
CONCLUSIONS.
The record prolonged low sunshine in northern Japan in early August of 2017 was mainly attributed to the persistent cold inflow along the anomalous cyclone over Japan, which is simultaneously induced by an extraordinary development of the Okhotsk high associated with blocking over eastern Siberia and the intraseasonal PJ teleconnection pattern. Interestingly, it is found that this extreme event would hardly have occurred without anthropogenic warming, which is linked to increased probability of occurrence of extremely enhanced anticyclones in the Okhotsk Sea by 2.5-3.2 times due to human-induced warming. The 2017 decaying El Niño also increased the event occurrence through the amplification of tripolar pattern, although it was a smaller contribution than the human influence.
